Peatlands are the most efficient terrestrial carbon store on Earth, and deliver multiple other 23 ecosystem services including climate regulation, water purification, preservation of ecological and 24 archaeological records, etc. Disturbed and degraded peatlands do not provide the same ecological 25 services and thus bear a significant cost to society. Because this cost may be alleviated by 26 appropriate restoration measures, money is being invested in peatland restoration projects around 27 the world. Here we review over 25 years of restoration in Western Europe. First, we provide an 28 overview of techniques used in different contexts and evaluate the status of the evidence-base for 29 restoration outcomes. Between 1993 and 2015 the EU-LIFE nature programme alone invested 30 167.6M € in 80 projects, which aim to restore over 913 km 2 of peatland habitats in Western 31 European Countries, mostly in protected sites part of the Natura 2000 EU network. This represents 32 less than 2% of the total remaining area of peatlands in these countries, most of which have been 33 impacted to some degree by anthropogenic disturbances. Potential for restoration should be 34 considered in non-designated sites. We reviewed a number of case studies covering a range of 35 restoration approaches used in different parts of Western Europe. We found that published 36
Introduction 16
Peatland disturbance in Western Europe 17 Significant portions of the Western Europe support cool, temperate climates with mild and in places 18 oceanic conditions where peatlands have developed over millennia (Fig 1a) . Extensive peatland 19 complexes would perhaps still cover vast areas if it had not been for the wide-spread anthropogenic 20 driven land-use conversion that occurred mostly over the last 1000 years. It is estimated that more 21 than half of the peatlands have been lost in Europe (Spiers 1999 ; Joosten 2012), with the largest 22 losses in the past 75 years (EU 2007) . Where peatlands remain in Western Europe, they are greatly 23 reduced in size (Verhoeven 2012 ). The conflict between conservation and use of peatlands in those 24 countries is particularly prevalent because population densities are high and pressures from 25 competing land-use prevail (Rawlins & Morris 2010; Chapman et al. 2003) . Addressing these conflicts 26
requires an integrated understanding of peatland functions and a clear appreciation of how 27 disturbances and restoration of these habitats affect society. On one hand, recent recognition of 28 peatlands' ecosystem services has led to their protection by the Ramsar Convention, the Convention 29 on Biodiversity, EU directives, etc. in the various states. On the other hand, peatlands have long 30 been viewed by many in society as barren wastelands. 31
Systematic drainage of lowland peatlands for improved agricultural yields began in Holland in 32 medieval times, and soon expanded to Germany and beyond (van Dam 2001) . In bogs, peat cutting 33 for fuel has a long history in parts of Western Europe (Sjörs 1980; Grünig et al. 1986 ). Traditional 34 hand cutting has largely been replaced by machines for domestic purposes, and is still widespread in 35 Ireland and Scotland. Extraction for the professional and retail horticultural market still exists in 36 Ireland and Germany, and peat is also used for electricity generation in Ireland. The post-war period 37 led to a systematic programme to drain large areas of peatlands in an attempt to increase the 38 productivity for cultivation and timber production (Sjörs 1980 ) and for sheep grazing in the UK 39 uplands (Holden et al. 2007) . Where these activities have stopped, reduced resilience or even 40 continuing degradation of peatlands is their legacy. 41
Peatlands have also been subject to more subtle, indirect impact from human activities. The rapid 1 development of the steel, coal, fossil fuel and textile industries in Europe had a major impact on air 2 quality during the 19 th and much of the 20 th century. Sulphur dioxide, one of the atmospheric 3 pollutants resulting from the industrial revolution, is carried in the atmosphere as a dry gas where it 4 dissolves in water drops and contributes to acid rain. In recent decades, atmospheric nitrogen 5 deposition from agricultural and combustion processes has become an extra cause of acidification 6 and Many countries are now developing national peatland strategies to promote their restoration, and 39 ensure their continued existence and functionality into the future (e.g. SNH 2015; NPWS 2015). After 40 more than a quarter of a century of restoration in Western Europe, we wanted to review the 41 progress that had been made, and identify the challenges laying ahead for peatland restoration. 42 Thus, we aim to 1) examine three decades of investments by the EU-LIFE nature programme in 1 peatland restoration; 2) review techniques and outcomes of restoration undertaken following 2 different types of disturbances through a number of case study areas and 3) identify the main 3 challenges for Western Europe. Since comprehensive reviews of ecological restoration of rich fens in 4
Europe (Lamers et al. 2014) and wetlands more generally (Verhoeven 2014 ) have been published  5 recently, we have largely focused our review on Sphagnum peatlands, including poor and 6 mesotrophic fens. 7
Peatland restoration financed by the EU-LIFE programme 8
There were 319 projects funded by the LIFE EU Nature programme since 1993 with the Habitat label 9
"Raised bogs, mires and fens". We reviewed all of them and excluded those which did not include 10 restoration or which focussed exclusively on rich fens or other wetland types, leaving the 80 projects 11
included in this review (Fig 1b) . The most frequent activities in the restoration projects were tree 12 removal (48 projects) and ditch and drain blocking (47 projects). Land acquisition and management 13 plan agreements were also common features of projects between 2000 and 2008 ( Fig 2) . Vegetation 14 introduction was attempted in <15% of the projects. 15
Between 1993 and 2015, 167.4 M€ (EU-LIFE) and 86.6 M€ (co-funding) were invested in those 80 16 projects, with the aim to restore or improve conditions for over 913 km 2 of peatland habitats. This 17
represents on average 2800 € ha -1 (Fig 1a, c) . The cost-effectiveness of restoration varied between 18 countries, with Austria (31,000€ ha -1 ) and the UK (1200 € ha -1 ) and Ireland (750 € ha -1 ) at opposite 19 ends of the spectrum (Fig 1c) . Increased economy of scale in large restoration projects is likely an 20 important factor but lower costs of land purchase and continuity may also contribute to improving 21 cost-effectiveness in Ireland and the UK where the first LIFE-funded peatland projects took place. 22
Although this may be a consequence of the programme's priorities, monitoring was largely focused 23 on target species (86% of the projects). Far fewer projects assessed other ecosystem services (Fig 3) . 24 In general, monitoring was limited to the sites under restoration (i.e. no reference sites) and not 25 comprehensive enough for statistical analyses. In many instances final reports and associated data 26
were not publicly available making a general conclusion about the "success" of the programme's 27 investment impossible to reach. 28
Restoration of extracted peatlands (Germany, various Vaccinium species, did not spontaneously recolonize these sites. Peatlands used for 18 agriculture prior to peat mining, were dominated by Juncus effuses following restoration, most likely 19 due to phosphorus fertilizer residues (Rosinski 2012). It was suggested from an earlier study in the 20
Netherlands that high N:P ratio (>16) limits Sphagnum growth, and that other peat characteristics 21 typical from cut-over sites, such as high lignin content, would also inhibit related biogeochemical 22 processes such as methane production (Smolders et al. 2002) . 23
A limitation to reintroducing peatland species is a lack of donor material, because the few natural 24 peatland remnants are strictly protected reserves where harvesting material is not permitted. In 25 addition, the relatively thin layer (50cm) of residual peat left on site as prescribed by law leads to 26 fluctuating hydrological; fatal for Sphagnum species. Current research on peatland restoration in 27 Germany is examining reintroduction of species that do not return spontaneously and similar trials 28 are underway in Ireland. Sphagnum cultivation may provide a solution in the future for extracted 29 peatlands in Germany (Gaudig et al., 2014). 30
In Ireland, when stable hydrological conditions are achieved through re-wetting of industrially 31 extracted sites and where vegetation re-colonisation is successful, it leads to short-term reductions 32 in CO 2 emissions and could increase C savings by promoting new C sequestration ( 
Restoration of isolated and remnant peatlands (Belgium, Switzerland, Spain) 42
In Belgium, peatlands are not a dominant feature in the landscape but are confined to small areas 1 (Frankard et al. 1998 ). Due to development pressure and land-use changes, some of these areas 2
have become isolated and disconnected. Three EU-LIFE-Nature projects were first established 3 between 1995 and 1998 to safeguard the last large areas of rich fens, the largest and best developed 4
Rhynchosporion, and some small transition mires and relicts of bog woodland. A further six LIFE 5
projects have since been established to restore large areas of raised bogs, transition mires, acidic 6 fens and bog woodlands. Restoration has already been undertaken in more than 5,000 ha of 7 peatlands, mainly degraded drained bogs covered with Molinia caerulea, but also in afforested bogs 8
with spruces and wet heaths (Fig 1a) with an aim to improve the conservation status. Site networks 9
have been fully redesigned to ensure natural re-colonisation processes and regional population 10 dynamics (Plunus et al. 2014). 11
Similar restoration methods to the ones described for peat extraction were used: raising the water 12 of calcareous rocks means that both acidic and alkaline peatlands co-exist, whereas in Spain, raised 36 and blanket bogs are the dominant feature. 37
Mountain peatlands historically provided local human populations with an easy source of fuel, which 38 led to important habitat losses. In France, protection measures were adopted in most regions in the 39
1980s, soon followed by restoration initiatives such as LIFE Programme 'Tourbières de France' in 40 1995-99. Initial work focused on re-meandering creeks inside the peatlands. The projects were 41 problem-driven, targeting species of concern or fighting encroachment. More recently, hydrology 42 was increasingly considered the main factor to be addressed (Grosvernier & Staubli 2009) and 1 became a priority in the most recent LIFE-funded restoration initiative, 'Jura Peatlands / Tourbières 2 du Jura', which started in 2014 and targets 60 mountain peatlands. Prior to restoration, hydrological 3 studies, including LIDAR flights, were set up to establish how the different disturbances affected the 4 functioning of peatland and inform management. An important benefit of continued investment in 5 peatland restoration in the Jura was the development of locally-based specialized contractors and 6 machinery, which also increases cost-efficiency. 7
Restoration techniques in the Jura now include drain blocking using wood panels and sawdust or 8
peat to rehabilitate peat extraction areas. Hydrological surveys show a positive rise of the water 9 level and reduced water table fluctuations. In Spain, restoration efforts started more recently. 10 Monitoring isn't always included, and published results are largely inexistent, but a study showed 11
that in at least one site, Sphagnum recovered following drain blocking (Juan Ovejero, 2014 plantation of exotic conifers also replaced traditional agro-pastoral practices, and poor management 19 led to encroachment by shrubs and trees in peatlands of many countries including Belgium, 20
Denmark, Germany and Austria. 21 prevents planting on peat >50cm and promotes restoration around designated areas for peatlands in 26
Scotland (Forestry Commission Scotland (FCS) 2014). Since 1997, in state and municipality forests of 27
Wallonia (Belgium), it is also forbidden to drain peaty soils and to afforest or to re-stock soils 28 covered with >40cm of peat and in the immediate surroundings of springs. 29
In the UK, the first large-scale attempts of forest-to-bog restoration were undertaken in the mid-30 1990s in the Flow Country of Caithness and Sutherland, and were soon followed by other initiatives. 31 Initially, a combination of drain blocking and felling-to-waste was the preferred method, as the trees 32
were small enough to be rolled in the furrows. Similar approaches were used in Ireland by Coillte for 33 removal of 1,000 ha of plantations from raised bog areas. Over time, trees initially planted over the 34 peatlands grew, the canopy closed and needle litter accumulated at the detriment of bog species 35 underneath. The restoration techniques had to be adjusted and specialist equipment was developed 36 (e.g. low-ground pressure harvesters). New techniques currently trialled include whole tree 37 harvesting, brash removal, and mulching (similar to that used in Belgium for remnant peatland 38 restoration). More recently, a combination of stump flipping and ground smoothing has been trialled 39 (SPR, 2015) . 40
In areas on a slope steeper than three degrees where trees had been felled and left on site in 41 furrows, recovery was slow. There, combinations of brash crushing and further drain blocking are 42 being tested to improve hydrology and to speed up the recovery of key species like Sphagnum (Neil 1
Cowie, RSPB Scotland, personal communication). There are some published studies on the initial 2 effect of restoration and long-term recovery of the ecosystem functions following tree removal from 3 peatlands (Table 1) ; but only a fraction includes baseline monitoring. Where ground work or 4 decomposition of brash and needle litter could impact adjacent freshwater rivers inhabited by key 5 species like the freshwater pearl mussel (Margaritifera margaritifera) or the Atlantic salmon (Salmo 6 salar), the ecological and economic implications are far from fully assessed. A key issue encountered 7
following restoration is the aggressive regeneration by seedlings of Sitka spruce and Lodgepole pine 8 (Pinus contorta) or colonisation by birch (Betula sp.). Controlling regeneration is now an expensive 9
ongoing management requirement and better solutions are sought to reduce the costs. 10
Many forestry plantations on peatlands in Western Europe are now coming to the end of their first 11 rotation, at a time when national forestry targets, GHG reductions targets and biodiversity targets all 12 need to be met. Nevertheless, re-stocking of a plantation on peatland is incompatible with 13 restoration of peatland habitat. Thus, evidence-based priority setting and clear guidelines need to be 14
in place to enable a rigorous assessment of which sites -if any -are suitable for re-stocking and 15 which ones should be restored and how. 16
Restoration of eroded peatlands (UK) 17
In Restoration targets have to reflect the different end users with many and sometimes conflicting 32 interests including biodiversity, farming, water supply, carbon storage, recreation and education. 33 The priority for restoration in the Peak District was initially to stabilise and revegetate bare peat to 34 stop the loss of peat and to provide a better habitat for biodiversity, stock grazing and grouse 35 production. undertaken in order to speed-up the recovery and increase the diversity of species (Moors for the 7 Future 2015). Like for extracted peatlands in Germany, there is a lack of source material locally, so 8
translocation from other parts of the country and also the novel approach of planting micro-9
propagated Sphagnum (Hinde at al. 2010) are being trialled. Other bog species including Eriophorum 10 species and Empetrum nigrum are also being added as plugs to revegetated sites, in an attempt to 11 increase diversity, help restore the ecohydrology and generate active peat again (Moors for the 12 Future, 2015). 13
Up until now, funding for eroded peatland restoration largely came from a combination of EU-LIFE 14 funding, public funding through agri-environment schemes and private companies. Sustained 15 funding to support restoration efforts and monitoring will still be needed to achieve the longer term 16 goals of reinstating functional blanket bogs in those eroded areas. 17
Challenges for peatland restoration in Western Europe: the road ahead 18
Here we formulate common challenges for peatland restoration in Western Europe as questions that 19 we hope will be tackled by the next generation of peatland scientists. 20 1) What is the best way to restore degraded peatlands? 21
Peatland systems, the pressures and threats to their integrity and the approaches to restoration are 22 generally similar between countries within Western Europe. Shared practical knowledge, 23 technological advances, research and monitoring should be facilitated with all stakeholders to 24 improve methods more efficiently. On the ground, this can be achieved through knowledge transfer 25 which promotes the development (and implementation) of best practice (Rawlins & Morris 2010). 26
Further mechanisms must be developed to ensure that large-and small-scale restoration projects 27 are integrated into openly accessible national inventories. 28
2) How successful has restoration been? 29
Monitoring ecosystem functions against baselines and references is necessary to assess "success" of 30 restoration, but is currently mostly lacking in Western Europe. 
4) How much is peatland restoration worth? 5
Empowering private owners to change their way of using peatland habitats is possible (Rawlins & 6 Morris 2010), but it can be challenging even where grant schemes are available. In part, this is 7 because restoration of peatlands can require a large upfront capital investment. As well as direct 8
repayment, the return on the investment should come from benefits arising from ecosystem 9 services (Bonn et al. 2014) and outweigh the loss of services provided by the damaged peatland (e.g. 10 timber, fuel or food). However, these are not often expressed as tangible outcomes to the 11 landowners. By quantifying ecological benefits arising from peatland restoration in economic terms 12 and communicating them more effectively, we can influence future investment (Reed et al. 2014) 13 and inform the selection of cost-effective areas to be restored (Adame et al. 2015) . 14
Conclusion

15
Peatland restoration should be attempted where it is feasible. However, in some cases, extensive 16 damage combined with changes in environmental conditions mean that bringing back functional 17
conditions may be impossible to achieve -at least not without investments which society may not 18 be inclined to make. This review highlighted that in Western Europe, peatland restoration activities 19 have been mostly undertaken in protected areas. But larger areas of non-protected peatlands are 20 still being extracted, drained for agriculture and forestry and/or abandoned. The potential economic 21 value of restoration of these marginal soils and areas outlying nature reserves should be explored. 22
Large investments of public money have been made in peatland restoration in Western Europe in 23 the last 25 years. To be accountable for these investments, we have a responsibility to understand 24 whether the objectives laid out prior to interventions and management have been reached and to 25 take action where they have not. Existing long-term datasets should be published and accessible to 26 help increase our knowledge and develop adaptive management methods more readily. Because 27 they are mostly lacking, we advocate for support towards the development and implementation of 28 standardised, long-term monitoring schemes targeting multiple ecosystem services delivered by 29 peatlands. Water regulation Hydrology Restoration raises the WT levels but not to levels similar to undisturbed blanket bogs. Damming furrows raises the WT level further when used in combination with felling. In lowland raised bog, leaving brash or trees on site after felling reduced evaporation.
Anderson 2010
Water quality
Windrowing increases total suspended solid in outflow.
Clarke et al. 2015
Felling caused changes in seasonal cycles of biologically active (C, Si, P) and organically complexed (Fe, Al) elements. The decomposition of felling residues leaches K and C and the disturbance and partial mineralisation of shallow peat soils releases P, Fe and Al.
Müller et al. 2015
Where disturbances during afforestation has reached the mineral ground under the peat mass, this could lead to long-term elevated concentrations of Al and Mn in receiving streams. fens, many projects included more than one site and more than one peatland types, but the 7 majority were Sphagnum dominated; and c) Average cost in Euro per ha. The data comes from 80 8 projects in Western European Countries targeting peatland habitats funded by EU-LIFE Nature 9
between 1997-2015 (Source: EU-LIFE, 2016). 
